achieve impressive, dense assemblies of nanoscale objects into geometrically defined templates 16, 19 and DNA self-assembly can be made directional in 3D by customising the orientation of bonding regions on colloidal surfaces 10 . Self-assembly of nanoscale components by electrostatic interactions is intuitive, attracting and repelling oppositely and like charged components respectively. These processes typically require timescales on the order of hours to achieve the desired assembly. The long-term effectiveness of functional and charged monolayers is also lowered by the decomposition of the active ligands or interference from other interactions.
Hydrophobic surfaces are known to exhibit strong attractive forces between each other in polar solvents such as water 20, 21 . A hydrophobic force law accounting for all experimental conditions is an ongoing objective of theoretical research 22 , but is generally considered to involve the dewetting of water molecules between the interfaces, as water molecules are entropically more stable in the bulk or on hydrophilic surfaces than on a hydrophobic one. Careful control of the composition of non-polar and polar solvents has even enabled hydrophobic nanomaterials to be reversibly assembled into larger clusters 23, 24 . In the case of competing hydrophobic and hydrophilic interactions at a Janus interface, it has generally been considered that hydrophilic interactions are stronger and prevent dewetting 21, 25 . Simulations of the dewetting at a Janus interface have indicated that the Porter, Pacios and Bhaskaran 4 dewetting of the surface could occur, but only if the hydrophilic surface carried a sufficiently small surface charge 26 .
In this paper, we introduce a new assembly technique that we call JINA -Janus Interface Nanoparticle Assembly -driven by the dewetting of water from nanoscale patterned hydrophobic monolayers to adjacent hydrophilic regions, enabling the rapid selfassembly of nanoparticles onto the hydrophobic areas. A conceptual image of this assembly is presented in Figure 1a , and is animated in Supplementary Video 1. The surfaces for the assembly are hydrocarbon or fluorocarbon molecular monolayers functionalized onto a masked silica surface. In contact with the water-based Au colloidal suspension, the hydroxylated silica surface adopts a negative surface charge (SiOH + OH -↔ SiO -+ H2O) that is repulsive to the negatively charged citrate-capping layer on the Au nanoparticles. Water molecules form hydration barriers at these charged surfaces, with the polarity of the molecules aligned to the surface charge. The alignment of these barriers is also repulsive between like-charged surfaces.
In contrast, at the hydrophobic surface the water molecules are entropically more stable in the bulk or the surrounding hydroxylated silica, so the water dewets from this interface. As the molecules diffuse away from the hydrophobic surface to the surrounding charged silica and back into the bulk, a pressure gradient driving nanoparticles towards the surface is created as illustrated in Figure 1a . When the nanoparticle and hydrophobic surfaces are in close proximity, the remaining water rapidly dewets from this Janus interface and the particle is driven into contact with the surface. Although previous experimental measurements of such a Janus interface showed that the hydration barrier would remain stable 25 , the dynamics of the unrestrained nanoparticle colloid in our experiments have proven the hydrophobic interaction can also dominate.
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To test this mechanism, we fabricated devices by electron-beam lithography using 100 nm thick 495K molecular weight poly (methyl methacrylate) (PMMA) layer, spin-coated on silicon substrates with a 100 nm thick, thermally-grown SiO2 surface. We functionalized hydrophobic molecular monolayers onto the exposed oxide areas by immersion in a 5 mM solution of trimethoxy(octadecyl)silane (TMODS) in a propan-2-ol solvent. After complete growth of the monolayer, thorough rinsing and removal of the PMMA resist left devices patterned with hydrophobic monolayers and unfunctionalised oxide. Using amplitude- Self-assembly using the proposed JINA mechanism was then attempted with colloidal suspensions of 20 nm Au particles (with 7.00 x 10 11 particles per mL) that are stabilised by negatively charged citrate capping ions. We carried this out by depositing a colloidal droplet (100 µL) on top of the patterned area and allowing for assembly to occur spontaneously. After rinsing in deionised water and drying in a stream of nitrogen gas, we observed that the nanoparticles had self-assembled into an ordered layer on the hydrophobic surfaces. Our Porter, Pacios and Bhaskaran 7 TMODS is presented in Figure S2 . This showed particles had quickly assembled onto the surface, taking only a few minutes to achieve dense surface coatings. We also observe that the electrostatic repulsions between the nanoparticles in the colloid are not disrupted by JINA, as the particles have assembled separately onto the surface.
To achieve a stronger hydrophobic interaction, the hydrocarbon-based TMODS was replaced with 1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS) to take advantage of the greater hydrophobicity of fluorocarbons 27 . Results of these experiments using the same 20 nm Au particles are presented in the Scanning Electron Microscopy (SEM) images in Figure 2c and 2d, following 1 minute of particle assembly. Using POTS in place of TMODS resulted in a greater resolution of particle self-assembly, with lines of particles approaching one nanoparticle width deposited on 60 nm wide lines of the hydrophobic monolayer (Figure 2c ). Further analysis of the particle density accrued on hydrophobic POTS surfaces with time (Figure 2e) indicated that the particle density on areas 500 nm in width would increase rapidly during the first 2 minutes before plateauing and reaching a high packing density. For comparison, the same study was performed on patterned, electrostatically attractive monolayers of (3-aminopropyl) triethoxysilane (APTES). With the electrostatic monolayer, results appeared to be less stable than through JINA, with particles frequently detaching from the surface to spread to the surrounding oxide surface. Those that did not experience this exhibited a similar assembly on the surface, though of a markedly lower particle density.
Further results of using JINA with different particle sizes and concentrations are provided in Supplementary Information S3. The driving mechanism of the JINA process we have described so far relies upon the dewetting of the hydration barrier on the nanoparticle surface when it approaches the hydrophobic layer. If this were indeed the case as we have hypothesised, when the surface charge and thus the barrier are made stronger, then the dewetting and thereby the particle deposition should be prevented 26 . This can be achieved by adjusting the pH of the colloid, which would change the surface charge of the Au nanoparticles; the citrate ions that Porter, Pacios and Bhaskaran 9 form the stabilising, capping layer for these particles are multivalent, with pKa values of 3.13, 4.76 and 6.40. The initial pH of the 20 nm colloid was measured at 6.8, so the citrate ions should be fully ionised. However, the diffuse double layer that forms around charged surfaces in solution will contain a greater proportion of cations with increasing pH, resulting in further increases in the zeta potential with pH 28 .
To test whether the assembly could be suppressed this way, we prepared colloids with a range of pH values via addition of HCl and NaOH and observed their assembly after 5 of matching, coloured border in (a) demonstrating single particle resolution, which is achieved simultaneously and many times very close to multi-particle assembly.
Porter, Pacios and Bhaskaran 10 minutes onto patterned lines of TMODS. The colloid was diluted to a particle concentration of 1.4 x 10 11 per mL (pH remained at 6.8) to reduce the risk of destabilising the colloid. An ionic strength above 1 mM was found to destabilise this colloid, so the pH range of colloids investigated was limited to between 3 and 11. At a pH of 3.6 ( Figure 4a ) we observed disordered assembly of particles onto the TMODS. The colloid itself had become unstable as was evidenced by the faded colour of the dispersion indicating significant agglomeration of Porter, Pacios and Bhaskaran 11 particles. This is compared to the slightly denser and more ordered assembly observed at a pH of 5.4 where the colloid was more stable (Figure 4b ). At higher pH levels (Figure 4d , e) the assembly of particles on the hydrophobic surface is greatly reduced and can almost be suppressed completely. The overall trend of decreasing assembled particle density with increasing pH is clearly seen in Figure 4f (error bars are standard deviation between different measurements across the surface). This shows that the surface charge of the Au nanoparticles was sufficient to prevent dewetting when the pH was increased, inhibiting the deposition of nanoparticles onto the TMODS surface. Conversely, the deposition was denser when the pH and thus particle charge were decreased, which is consistent with simulations of Janus interfaces 26 . This pH response indicates that there is a balance to be established between maintaining a stable colloid and reducing the pH to promote particle assembly. Crucially, it also points to a possible method to not only control assembly by changing pH, but potentially allowing controlled disassembly in liquid.
Another important aspect of this self-assembly is that it occurs rapidly. The widespread use of self-assembly methods in manufacturing is hindered by the speed at which it can achieve effective results. What we found in our experiments was that the assembly of particles through JINA into single nanoparticle arrays required only a few seconds to achieve this. In Figure 5 we see how the results after 20 s, 30 s, 120 s and 240 s successfully capture very similar numbers of nanoparticles on the hydrophobic surfaces in each case. Importantly, this contrasts with the time dependent deposition we had observed for larger areas > 100 nm in Figure 2f . This implies that the dewetting between the hydrophobic/hydrophilic interface has a stronger effect when the size of the hydrophobic region is <100 nm. This is consistent with our explanation that the assembly occurs by the flow induced at the Janus Interface, as Porter, Pacios and Bhaskaran 12 flow would be more intense in regions of higher pressure gradient, an effect that is size dependent.
The stray particles visible in the assembly on our devices appears to be more determinant on the destabilisation of particles during rinsing than any dependence on the time given for deposition to occur for nanoscale features like these. The dewetting of the Porter, Pacios and Bhaskaran 13 hydration barrier at this Janus interface and subsequent assembly is thus a very rapid process with a high level of precision that could lead to the integration of self-assembly into widespread use in nanomanufacturing. Further improvements could be made by enhancing the hydrophilicity of the surrounding SiO2 surface to prevent destabilisation of the barrier.
One important feature of the JINA process is that it will not occur if there is no hydrophobic-hydrophilic interaction present on the surface. For example, with a surface that was completely hydrophobic (monolayer grown without patterning) we observed that the hydrophobic surface showed no significant particle assembly over similar time scales to previous results. The JINA mechanism thus hinges on the ability of water molecules to move to hydrophilic regions adjacent to hydrophobic patterns that draw the colloid droplet into contact with the patterned features, thus validating the Janus Interface hypothesis.
Additionally, the particle assembly does not occur if a hydrophobic monolayer is not grown in the fabrication process -any charging of the surface from the electron beam lithography therefore does not drive the particle assembly, ruling out accidental electrostatic assembly due to electron beam charging. We also tested whether nanoparticles would become readily detached by immersing and agitating them in high pH solutions as well as non-polar solvents did not induce a detachment of the particles from the surface into the surrounding medium.
Such a mechanism may only be possible without drying the substrates after the particles have assembled.
A simple electrokinetic quantification of the TMODS and POTS surfaces indicate that the hydrophobic surfaces would confer a strong, negative zeta potential (approximately -30 to -50 mV) at the pH range of the colloid used 29, 30 . This would suggest that the negatively charged gold nanoparticles would not undergo the particle assembly we have observed.
Surface energies are low for hydrophobic coatings presenting a low barrier to particle Porter, Pacios and Bhaskaran 14 adhesion, but this alone does not explain why particles did not assemble onto surfaces coated completely with a hydrophobic monolayer, nor the similar though less reliable assembly of particles onto electrostatically attractive amine surfaces (Figure 2e) . Clearly, the complex interactions between all the media on this nanoscale, the highly transient nature of hydrodynamic phenomena that can occur on the nanoscale 31 and numerous other parameters (local pH and ionic concentration/compositions, temperature, precise surface chemistry, etc.) are all involved in a fairly complex interaction that is beyond the scope of this article; further investigation will be required to understand these complex interactions.
However, the experiments we have described in this paper supports our hypothesis to explain the rapid assembly of nanoparticles we have observed.
In conclusion, we have engineered a Janus Interface Nanoparticle Assembly (JINA) mechanism, whereby Au nanoparticles undergo rapid self-assembly onto lithographically defined hydrophobic/hydrophilic interfaces, achieving single nanoparticle resolution in a matter of seconds. We have surmised that this is due to rapid dewetting of the hydration barrier to the proximate hydrophilic surroundings, which we demonstrated can be controlled through manipulation of the surface charge via pH switching. The control afforded by this process and the single particle resolution of JINA are potentially crucial for the development of nanoassembly replicators to rapidly construct complex 3D nanotechnologies that exploit the unique properties of nanoparticles 32 . The use of nanoparticles in nanomedicine could also be influenced by our findings, due to the prevalence of hydrophobic and hydrophilic media in Dried samples were left in a vacuum desiccator for at least 24 hours prior to testing.
Device Testing: Au colloids were sonicated for 5 minutes prior to deposition to reduce aggregation. 100 µL of the colloid was deposited on top of the patterned surface of the sample and left to assemble for a given amount of time. The sample was then rinsed in two rounds of deionised water for 30 s each and a final rinse in propan-2-ol for 60 s and drying with compressed N2.
Sample characterisation: Atomic Force and Kelvin Probe Microscopy (AFM/KPM) were performed with an Asylum MFP-3D AFM, using 81.2 kHz silicon PPP-FMR Nanosensors AFM probes. Scanning Electron Microscopy (SEM) was performed at 10 kV with a Jeol 6500F and a Hitachi S-4300 SEM. Analysis of particle density after assembly was performed using ImageJ 33 .
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